INTRODUCTION
Soft tissue sarcomas (STS) are a rare, heterogeneous group of tumours accounting for ∼1% of all adult cancers. 1 Approximately
Strengths and limitations of this study
▪ This study employs a multistate model on the largest cohort of patients with soft tissue sarcomas and underlines the importance of individualised cancer care as timing of radiotherapy and intended surgical margins can significantly improve local control but have limited influence on survival. ▪ This is the first study that shows the beneficial effect of neoadjuvant radiotherapy over radiation in an adjuvant setting in improving local control. ▪ This study emphasises how individual patient characteristics and planned surgical resection margins can be used to estimate probabilities of future clinical events such as local recurrence, distant metastasis and death. ▪ This study is limited by the retrospective aspect of the design.
60% of all STS occur in the extremities. 2 High-grade STS are a select subgroup (representing 38% of all STS in one series 3 ) of highly aggressive and infiltrative subtypes with an overall poor prognosis. 4 5 At present, limb salvage surgery with (neo) adjuvant radiotherapy is the standard of care for most patients, while the role of chemotherapy is more controversial. 6 However, locally recurrent disease (LR), distant metastases (DM) and poor survival remain of great concern. Although the risk factors for the occurrence of these adverse events have been the subject of many studies, a solid prognostic profile for individual patients is still lacking.
Considering an individual patient's treatment, two types of prognostic factors can be identified: those that are set at the moment of diagnosis and those that are treatment-related. Prognostic factors such as histology, grade, depth and size 3-5 7-13 are generally recognised and set at the moment of diagnosis. At present, surgical resection margin and the administration of (neo) adjuvant radiotherapy/chemotherapy are the only treatment factors that can be influenced. The intended resection margin is part of an intricate balance between the best oncological outcome and maintenance of quality of life, including limb function. Whether limb function should be sacrificed to achieve a negative or wide margin should be based on its effect on the overall prognosis of that specific patient.
Although the increased risk of LR following an intralesional margin resection is generally recognised, 8 12 14 the presence of possible associations between margin status and overall survival (OS) or between LR and OS is still under discussion. Results have been published confirming the absence 10 15 16 and presence 13 17-21 of a prognostic role for margins as well as LR on OS.
Unfortunately, current literature on prognostic factors for STS faces several difficulties: small sample sizes, heterogeneity of study populations and differences in statistical methods applied. 7 20 Results from prior studies may, therefore, be misleading when applied to an individual patient with a high-grade STS. In an era where clinicians are moving towards individualised patient treatment, it would be preferable to consider the results of planned resection margins for each patient individually. The great importance of individualised cancer treatment is generally accepted because awareness has been created that certain patients have a higher risk of disease recurrence or death than others, and others are more susceptible to possible adverse effects of treatment.
This study aims to investigate the effect of margins and radiotherapy, considering individual patient characteristics, on LR and survival in a large population with only high-grade STS of the extremities using a multistate model. Better stratification of risks will lead to better treatment decisions and improved clinical results for patients with high-grade STS.
PATIENTS AND METHODS
A retrospective multicentre analysis of patients surgically treated between 2000 and 2010 for primary, nondisseminated, high-grade (as defined by FNCLCC larger than grade 2) sarcoma, including angiosarcoma, malignant peripheral nerve sheath tumour, synovial sarcoma, spindle cell sarcoma, myxofibrosarcoma and ( pleomorphic) STS not-otherwise-specified was performed. All cases were discussed preoperatively in multidisciplinary teams and pretreatment staging was performed with lung CT scans. Postoperative surveillance strategies were comparative between all centres with yearly MRI for local control and chest X-ray/CT scan every 3-4 months according to ESMO guidelines. 6 Patients were identified from the local sarcoma databases of the four participating institutions, all tertiary referral centres for orthopaedic oncology. Exclusion criteria were metastatic disease at the time of diagnosis, presentation with recurrent disease, treatment without curative intent (ie, no primary intent of (limb-sparing) surgery with intended sufficient margins), adjuvant treatment other than radiotherapy or chemotherapy and an unknown margin status. Initially, 709 patients received treatment in 1 of 4 participating centres and met the inclusion criteria. Five patients met the exclusion criteria and were excluded. Seventeen patients were excluded because there was insufficient information on all covariates.
Medical records including surgical notes and pathology reports were reviewed and the following information was recorded: age (<25; 25-50; >50 years 22 ), gender, presentation status (no treatment/biopsy only vs incomplete excision elsewhere prior to referral), tumour size (cm), depth (superficial vs deep to investing fascia), location (upper vs lower extremity), surgical margin, (neo) adjuvant therapy (neoadjuvant, adjuvant, no radiotherapy; chemotherapy vs no chemotherapy) and follow-up data.
Experienced musculoskeletal pathologists in each centre defined the closest surgical margin. Owing to the lack of an international consensus on the definition of margin descriptions, the resection margins were categorised quantitatively: tumour at the inked surface of the resection specimen (0 mm); tumour within 2 mm of ink; tumour at more than 2 mm of ink. The 2 mm cut-off point was based on previous research that identified this as the most optimal differentiating distance. 16 23 The decision concerning the use of (neo) adjuvant treatment was not uniform during the study period due to variation in management over time and by centre, although the majority of patients (75%) received radiotherapy. The most common radiotherapy regimens were 50 Gy preoperatively (22.4%) or 50-66 Gy postoperatively (52.3%).
LR was defined as the first radiological or pathological manifestation of tumour within or contiguous to the previously treated tumour bed, 2 or more months after primary treatment. DM was defined by clinical or radiological evident systemic spread of tumour outside the primary tumour bed, including nodal metastasis. Dates of death were extracted from the medical records and local or national death registries.
Statistical analysis Multivariate Cox regression model
The effect of prognostic factors on OS was estimated with a Cox regression model with LR included as a timedependent covariate. The following risk factors were included in the model: age at diagnosis, presentation, tumour location, size, depth, histopathology subtype, surgical margin, limb sparing and radiotherapy. HRs based on the multivariate Cox regression model and their corresponding 95% CIs were estimated.
Multistate model
Disease progression was investigated with a multistate model. 24 A multistate model is a model for time-to-event data, in which all individuals start in one or possibly more starting states (eg, surgery) and eventually may move in one (or more) state(s), for example, progressive distant disease, LR or death. In this approach, transitions are assessed during the course of the disease and prognostic factors for each transition are studied. Figure 1 shows the multistate model applied in this study to describe the disease progression. We propose three possible states in which a patient may be at any time. After surgery, a patient may be alive with no evidence of disease (ANED), alive with LR or may have developed DM and subsequent death (Death). In this analysis, the two states death and DM were pooled into one state (DM/Death) since DM will, with very few exceptions, inevitably lead to death; among the 288 patients who developed metastatic disease, 88% had died. Patients with concurrent LR and DM (diagnosed within 3 months of each other; n=30) were registered as entering the state of DM/Death. The direction of arrows in figure 1 indicates the transitions between states. The time scale used is months since definitive surgery.
To estimate the effect of age at diagnosis, presentation, tumour location, size (in cm), depth, histopathology subtype, surgical margin achieved, limb sparing, and radiotherapy on each transition, a Cox proportional hazards (PH) model was used. For transition 3 (LR to DM/Death), the effects of tumour depth, histopathology subtype, surgery type and radiotherapy could not be estimated due to the relatively small number of patients in this transition. Therefore, these covariates were omitted from the model for this specific transition. The PH assumption in the Cox model was tested for each transition.
Individual risk assessment
Multistate models 24 can be used with two different purposes. The first aim is to obtain more biological insight into the disease/recovery process of a patient. It is of interest to determine how certain prognostic factors influence different phases of the evolution of the disease. The second purpose is prediction, as these models help clinicians to obtain more accurate predictions on survival and to adjust predictions by incorporating the occurrence of intermediate events. Predictions are made by estimating the conditional probabilities of future events, given the treatment and patient characteristics.
Patient-specific state occupation probabilities presented in stacked charts provide insight into the effect of margins on the occurrence of events after surgery, given the characteristics of a patient. The stacked charts present a visual aid for surgeons to investigate the effect of margin on the probability of being in different states (LR or DM/Death) at different time points after surgery. The multistate model provides information on the ever-changing nature of a specific patient's history and allows a more comprehensive understanding of the data.
The beginning and end of follow-up corresponded to the date of definitive surgery and the last date of follow-up or death, respectively. The median follow-up was assessed by employing the reverse Kaplan-Meier method. 25 The effect of risk factors was estimated by adjusted HRs along with their 95% CIs. p Values at or below 0.05 were considered significant. In the analysis, the variable 'centre' was included to account for the presence of heterogeneity between the four treatment centres. All analyses concerning the multistate model were performed using the R-package mstate (R Development Core Team. R: a language and environment for statistical computing. R Foundation for Statistical Vienna, Austria 2011. http://www.r-project. org/). 26 Table 1 summarises patients' demographics and treatments at baseline for the included 687 patients.
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RESULTS
The estimated 5-year OS was 52.7% (95% CI 48.8% to 56.6%) with a median follow-up of 71 (95% CI 67 to 75) months. In total, 106 patients (15%) developed LR; however, only 59 patients (9%) developed isolated LR, while the other 47 patients (6%) developed LR synchronous or following DM. In total, 288 (42%) In the multistate model depicted in figure 1 , the number of patients moving from one state to the other is illustrated. The majority moved from the state ANED to DM/Death directly (n=340; 49%). In 42% of the patients (n=288), no further disease was detected; therefore, they remained in their postoperative state ANED. A small group (n=59; 9%) developed LR first, after which 36 of these 59 patients (61%) moved to the final state DM/ Death. To estimate the adjusted HRs for each transition, a multivariate Cox proportional hazard regression model was employed (table 3) . The main prognostic risk factors for transition 1 (ANED to LR) are tumour size (HR 1.06; 95% CI 1.01 to 1.11 with size in cm) and (neo) adjuvant radiotherapy. The HRs for patients treated with adjuvant or no radiotherapy compared with neoadjuvant radiotherapy are equal to 4.36 (95% CI 1.34 to 14.24) and 14.20 (95% CI 4.14 to 48.75), respectively (table 3) . Surgical resection margins had a protective effect on the occurrence of LR with HRs equal to 0.61 (95% CI 0.33 to 1.12) and 0.16 (95% CI 0.07 to 0.41) for margins between 0 and 2 mm and wider than 2 mm, respectively. No statistically significant effect of margins was detected when patients move directly to the state DM/Death from ANED (transition 2). The effect of age on the transition between ANED and DM/Death (transition 2) is equal to 1.64 (95% CI 0.95 to 2.85) and 1.90 (95% CI 1.09 to 3.29) for patients aged 25-50 years and >50 years, respectively, compared with patients <25 years of age. The HR for tumour size (in cm) is equal to 1.06 (95% CI 1.04 to 1.08). There was no significant effect of prognostic factors on the transition hazards between LR and DM/ Death (transition 3). There was no significant difference between the centres for each outcome in the classical Cox model and the multistate model. The estimated multistate model was used to predict outcome probabilities for each specific patient. Estimates of these probabilities are based on the results obtained from the Cox model on the transition hazards between the states. Different resection margins and patient characteristics are considered. The patientspecific state occupation probabilities at different time points after surgery are visualised in stacked charts (figure 2). For any individual patient, three separate charts show the effect of resection margins, in the presence of patient, tumour and (neo) adjuvant treatment characteristics. The distance between two curves represents the probability of being in a specific state (ANED, or LR or DM/Death) at a specific time point. Figure 2 illustrates the three margin scenarios for three different patients. After surgery, the probability of occupying the state 'LR' (green area) decreases as margins increase in the two patients receiving adjuvant radiotherapy, while the probability of occupying the state 'ANED' (light blue area) increases as margins increase. The probability of occupying the state 'DM/Death without LR' (red area) decreases slightly for patient A (upper panels) as margins increase, while for patient B (middle panels), the probability remains almost the same for the first two margin scenarios and even increases for a margin wider than 2 mm. The probability of occupying the state 'DM/ Death after LR' (orange area) decreases as the margin increases in patients A and B. Patient C received neoadjuvant radiotherapy and for this patient, the probability of occupying the state 'LR' (green area) is very low and it is not affected by the margin. A wider margin also appears to have little effect on the probability of occupying the state 'DM/Death without LR' (red area).
DISCUSSION
High-grade STS are associated with frequent LRs and poor survival. Since several prognostic factors are set at baseline (ie, tumour size, grade), the resection margin and indication or timing of radiotherapy might be the only prognostic factors that can be affected by the multidisciplinary team. The results of this study stress the importance of individual prediction of survival, considering the different prognostic effects of radiotherapy and surgical margins between patients. This study brings a new element into the discussion of the effect of margins by using a multistate model. The estimated state occupation probabilities based on the multistate model show the different effect of margins on outcomes between patients with different baseline characteristics and adjuvant treatment modalities. This implies that, in the discussion of the effect of margins, margins cannot be considered as a single entity, but only in combination with patient-specific baseline characteristics and additional radiotherapy. Although previous studies on the effect of margins take patient characteristics into account in their multivariate analysis, it has not earlier been emphasised and visualised how much these characteristics influence the effect of margins. To the best of our knowledge, the stacked charts presented here are the first visualisation of the complex relationship between prognostic factors and probabilities of disease progression for individual patients. An additional asset of the multistate model is that future disease progression can be estimated based on the baseline characteristics of a patient at diagnosis, as well as on his known disease progression after surgery. This enables real-time updates of future outcomes when additional information becomes available over time.
The results from this study can be applied in clinical practice by taking the probabilities of future state occupation for a specific patient into account when weighing invasive surgery against maintaining quality of life, especially in cases with limited expected survival. However, the authors acknowledge that the presented data are too intricate to directly apply in daily practice. Therefore, a user-friendly web-based tool based on the multistate model presented in this study will be developed.
This study presents new knowledge on the effect of neoadjuvant radiotherapy in patients with high-grade STS. In clinical practice, the difference in the effect of preoperative and postoperative use of radiotherapy on LR, DM and survival of patients with high-grade STS of the extremities remains the subject of discussion. Surgery is delayed ∼3 months in patients receiving preoperative radiotherapy, compared with patients receiving no or postoperative radiotherapy. Therefore, it is important to assess the effect of our surgical planning and the use of radiotherapy on the course of the disease. The current results show that patients receiving neoadjuvant radiotherapy were less likely to develop LR when compared with patients with no or adjuvant radiotherapy, even though the 95% CI was large. This is consistent with previously published results, 28 although others did not find a true difference in the risk of LR. 29 30 One recent large retrospective database study showed that neoadjuvant radiotherapy was associated with improved survival. 31 This is in contrast to several other studies that showed no significant effect of timing of radiotherapy on overall survival. 32 33 Since all these trials face the limitations of retrospective studies, a firm conclusion is still not possible. Possibly, a larger randomised trial will be able to provide a decisive answer on which sequence is superior. Undeniably, the question of the definition of a marginal or wide margin remains. Multiple different descriptions are used in the literature. 34 In contrast to its continued use, the Enneking classification 35 is not considered detailed enough in respect of (large) STS with close involvement of essential structures such as vessels, nerves and bone. 21 In addition, the use of (neo) adjuvant radiotherapy has decreased the necessity for radical or even wide margins. 21 The dichotomous classification proposed by Trovik et al 9 may be too simplistic regarding adequate or inadequate margins. While the poor prospect associated with macroscopically intralesional resections is evident, the implications of microscopically positive or marginal resections should not be regarded as identical. 21 23 The quantitative measurement as applied in this study did not take into account the type of tissue of which the margin consisted (eg, fascia, fat), which might also influence the required minimum width of a margin. 21 36 As Hoang et al 34 recently proposed, a universally updated surgical margin reporting system would improve communication and understanding regarding surgical treatment of STS. To create a broad basis for such a global system, international collaboration is needed.
The main strengths of this study are its large cohort of high-grade extremity STS only and the use of a multistate model to investigate the evolution of the disease and to estimate the probabilities of clinical future events, given a set of individual patient characteristics. The estimates of these probabilities are based on the results obtained from the Cox model on the transition hazards between the states. The study population is limited to high-grade extremity tumours of the most common sarcoma types, and thus, the results are not attenuated by a diversity of low-grade, low-impact STS. Finally, this study introduces the possibility of a practical aid for clinical practice that would allow for individually tailored treatments, in contrast to many previous studies that provide general prognostic factors for treatment decisions based on groups of patients. Several limitations exist in this study. First, the inherent effects of a retrospective study design, such as selection bias, are present. Second, owing to the multicentre aspect of the study, a revision of all histological data was not possible. However, all centres reported pathology results in the same manner. Margin width as stated in the pathology reports was used for the analyses instead of descriptive results. Additionally, all analyses were corrected for centre effect and there was no significant difference between centres. Despite the limitations, the current analysis is the largest investigation into the effect of margins on LR and OS for patients with high-grade extremity STS.
This study stresses the importance of patient-specific characteristics when evaluating the effect of surgical margins and (neo) adjuvant radiotherapy. On the basis of the estimated state occupation probabilities, the effect of margin differs significantly in individual cases depending on baseline characteristics and the administration of (neo) adjuvant radiotherapy. To use prognostic factors for LR and DM/Death in daily practice and thereby enable personalised care, a user-friendly webbased tool (application) based on the model presented in this study will be validated and published.
